Among primates, the common marmoset is suitable for primate embryology research. Its small body size, however, has delayed the technical development of efficient embryo transfer. Furthermore, three factors have been determined to adversely affect the performance of marmoset embryo transfer: nonsurgical approaches, the use of cryopreserved embryos, and the use of late-stage embryos. Here we performed embryo transfer under conditions that included the above three factors and using either a small (1 ll or less) or a large volume (2-3 ll) of medium. The pregnancy and birth rates were 50% (5/10) and 27% (3/11), respectively, when using the large volume, and 80% (8/10) and 75% (9/12), respectively, when using the small volume. The latter scores exceed those of previous reports using comparable conditions. Thus, it appears that these three previously considered factors could be overcome, and we propose that reducing the transfer volume to 1 ll or less is essential for successful marmoset embryo transfer. birth weight, cryopreservation, double embryo transfer, endometrium, litter size
INTRODUCTION
Experimental primate embryology has been hampered by a limited access to embryos. Among primate species, common marmosets have characteristics that make them especially suitable for primate embryology research, e.g., the ovulation of two or more oocytes per ovarian cycle [1] [2] [3] , an early age for sexual maturity (approximately 18 mo) [4] , and a lack of seasonal infertility. Recently, the production of transgenic monkeys has been reported [5, 6] , and its use will likely be widespread. Although primate embryology is indispensable for the study of gene manipulation, the development of marmoset embryo transfer is delayed due, in part, to the marmoset's small body size (300-500 grams adult body weight). According to the literature, three obvious factors influence the performance of embryo transfer: whether the approach is surgical or nonsurgical, whether the embryos are fresh or cryopreserved, and whether the embryo stages are early or late.
The first factor that influences performance is whether the approach is surgical or nonsurgical. Attempts have been made to develop nonsurgical embryo transfer techniques because surgical techniques require a rest period of at least three ovarian cycles between transfer attempts and, thus, limit the production of newborns by individual animals. In addition, surgery may induce postsurgical reproductive tract adhesions. Summers et al. [2] attempted a nonsurgical transfer but were unsuccessful: among nine recipients receiving 17 fresh embryos (morula and blastocysts), one animal became pregnant, but the conceptus was aborted. Meanwhile, the same study showed successful results by surgical transfer: among seven recipients receiving 10 fresh morula (6 days postovulation; Day 6), six animals became pregnant, and three recipients delivered five babies. These results indicate that the efficiency of nonsurgical techniques is lower than that of a surgical approach. Most likely as a result of the inherent difficulty of the nonsurgical method, three subsequent studies used a surgical approach [5, 7, 8] . Nonetheless, Marshall et al. [9] developed a nonsurgical technique for marmoset embryo transfer. In this technique, the cervix was visualized using illumination provided by an otoscope, and a cannula and stylet were placed at the cervical os and gently guided into the uterus by transabdominal palpation. Among nine recipients receiving 17 late-stage (Days 5-8) embryos at Days 2-4, four animals became pregnant, and three recipients delivered six babies. Although this is a monumental accomplishment, as it is the first successful marmoset delivery by nonsurgical embryo transfer, this report further confirms that efficiency is lower when using nonsurgical methods.
The second factor that influences performance is whether the embryos are fresh or cryopreserved. Summers et al. [2] found that the birth rate was 50% when unfrozen morulae were transferred (five babies from 10 embryos), while the rate was 40% (6/15) when frozen morulae were used. In the same study, the birth rate was 100% (10/10) for unfrozen 4-to 10-cell embryos, but it decreased to 38% (6/16) for frozen embryos. Cryopreservation techniques are necessary for embryo transfer where the donor and recipient are not synchronous, in the case of endangered species preservation or management of the genetic diversity of small populations. Because of technical advancements, the disadvantages of cryopreservation have been significantly reduced (reviewed, e.g., by [10] ). Thus, we included cryopreserved embryos in the present study.
The third factor that influences performance is the embryo stage. The birth rate was 100% when unfrozen early-stage (4-to 10-cell) embryos were transferred (10 babies from 10 embryos), while the rate was 50% (5/10) when unfrozen latestage embryos (morulae) were used [2] . The marmoset uterine epithelium goes through marked morphological changes, from a regular surface at the preovulatory period to a convoluted surface at the preimplantation period [11] , and manipulation of the cannula in the uterine lumen at or just prior to the preimplantation period may damage epithelial structures crucial for a successful implantation.
Another possible factor has emerged from a meta-analysis of the literature. The success rate is higher when the transfer volume is 1 ll (e.g., the surgical approach in Summers et al. [2] ) than when the volume is 2-3 ll (e.g., the nonsurgical approach in Summers et al. [2] and Marshall et al. [9] ). Hence, the main purpose of the present study is to examine the effect of transfer volume on embryo transfer success under conditions that include three unfavorable factors for marmoset embryo transfer: the use of late-stage embryos, cryopreserved embryos, and a nonsurgical approach.
MATERIALS AND METHODS

Animals
We used common marmoset monkeys (Callithrix jacchus) maintained in our institute as subjects. Animal experiments were approved by the ethics committee for primate research of the National Center of Neurology and Psychiatry in Japan. All experiments were conducted in accordance with the institutional guidelines and the National Research Council's Guide for Care and Use of Laboratory Animals. Marmosets were caged indoors with room lights on from 0700 to 1900 h, the temperature set at 268C-288C, and the humidity set at 40%-60%. Marmosets were fed 50 g of monkey chow each day (CMS-1; Clea Japan Inc.) with vitamin supplementation and fruit. Water was provided ad libitum. Female marmosets ranged in age from 2 to 7 yr old, and their body weight ranged from 310 to 480 grams. Of 16 females used for transfer, four were proven breeders. Embryo transfers were conducted from January 2010 to December 2011.
Blood samples (0.1 ml) were taken from the femoral vein 9, 11, and 13 days after the injection of the prostaglandin F2 alpha analog cloprostenol (Cloprostenol C; Fujita Pharmaceuticals Inc.), and ovulation days were determined by measuring plasma progesterone concentrations with an enzyme immunoassay (AIA-360; Tosoh Corp.). The day of ovulation (Day 0) was designated as the day prior to the increase of progesterone concentrations from basal levels to greater than 10 ng/ml [12] . The animals were subjected to embryo transfer on Days 2-6. During the middle to late luteal phase of some ovarian cycles that were not subjected to embryo transfer, 0.75 lg of cloprostenol was intramuscularly administered to control the cycles.
Embryo Collection
Marmoset embryos were collected in nonsurgical uterine flushings as previously described [13] . In brief, a blunt, tapered, 28-G, 118-mm-long, inner stainless steel cannula and a blunt, tapered, 19-G or 20-G, 100-mm-long, outer stainless steel cannula were inserted into the uterus with the aid of ultrasonography on Days 5-9. While compressing the oviducts, flushing medium was injected through the inner cannula into the uterus for the first 4 ml. Afterward, an additional 1 ml of medium was injected with increasing speed without compressing the oviducts. The perfused medium was collected in a dish as it dripped from the outer cannula.
Vitrification and Warming
Nineteen embryos were subjected to ultrarapid freezing and vitrification using a Cryotop Method with a vitrification kit (VT101; Kitazato BioPharma Co., Ltd.) according to the manufacturer's instruction and were stored in liquid nitrogen. Embryos were warmed according to the manufacturer's instruction (VT102) and were subjected to a recovery incubation for at least 30 min at 388C under low-oxygen conditions (90% N 2 þ 5% CO 2 þ 5% O 2 ; BNP-110; Espec Corp.) in culture medium (G-2; Vitrolife Inc.). Seventeen vitrifiedwarmed embryos were subjected to embryo transfer.
Anesthesia
Anesthesia was preceded by food and water deprivation. For embryo collection and transfer, anesthesia was induced by an intramuscular injection of a mixture containing 0.10-0.30 mg of midazolam, 0.0050-0.015 mg of butorphanol tartrate, and 10-30 mg of ketamine hydrochloride per kilogram of body weight. The animal was placed on a heater-equipped treatment apparatus (custom made by Natsume Seisakusho Co Ltd.) in the supine position, and the forelimbs and hind limbs were secured to the apparatus with hook-and-loop fasteners (Fig. 1A) . Forepaw arterial oxygen saturation and pulse rates were monitored using a pulse oximeter (8600FO; Nonin Medicals Inc.). Anesthesia was maintained by the inhalation of sevoflurane vaporized in fresh 80%-100% oxygen at 500 ml/min (Narcobit K-100RG; Natsume Seisakusho Co Ltd.) through a face mask that was hung on a flexible coil hanger (Flexible Coil Hanging Set C; Acoma Co., Ltd.). The sevoflurane gas concentration was adjusted such that the pulse rate was maintained between 130 and 220 bpm. Rectal temperature was monitored with a thermometer and rectal temperature probe (BAT-10 and RET-1; Physitemp Instruments, Inc.). Additional special monitoring of breathing was conducted by frequent visual inspection of chest and abdominal movements. The heater controller was set such that the temperature at the contact point of the apparatus surface and skin surface was maintained between 398C and 408C.
Embryo Transfer
Transfer instruments included two blunt, tapered, 28-G (inner diameter 0.17 mm, outer diameter 0.36 mm), 118-mm-long, inner stainless steel cannulae (custom made; Ito Corp.); a blunt, tapered, 20-G (inner diameter 0.68 mm, outer diameter 0.90 mm), 100-mm-long, outer stainless steel cannula (custom made; Ito Corp.); a 10-ll microsyringe (MS-N10; Ito Corp.); a 7-cm-long, 5-mm-outer diameter, glass tube. All instruments were sterilized before use with a hydrogen peroxide gas plasma sterilizer (Sterrad 50; Advanced Sterilization Products).
The first operator inserted the glass tube into the vagina to distend the internal wall and to maintain the sterility of the cannula tip. The second operator placed a linear ultrasound probe (PLT-1204BT; Xario; Toshiba Medical Systems Corp.) transversally to locate the cervix. The first operator inserted an inner cannula into the outer cannula, aligned the tips, inserted them into the glass tube, and explored the cervix at the center of the circular echogenic signal. Once the inner cannula entered the cervix, the second operator placed the probe longitudinally. The first operator, with the aid of ultrasonography, placed the outer cannula forward to the point just ahead of the internal uterine orifice while maintaining a constant angle of the cannula relative to the endometrium.
While the first operator was holding the cannula, the second operator loaded the embryo with either less than 1 ll or 2-3 ll of medium into the microsyringe equipped with a 28-G inner cannula. After removing the dummy inner cannula, the first operator placed the embryo-loaded syringe with tip of the inner cannula 2-3 mm behind the uterine fundus with the aid of ultrasonography (Fig. 1, B and C) . The first operator retracted the outer cannula, quickly delivered the embryo with medium, and retracted the syringe and cannulae. Placement of the echogenic signal in the uterine cavity was evaluated using ultrasonography when possible. After the injection, the syringe was washed to ensure that all embryos had been expelled. Six fresh, morphologically normal embryos were transferred to five recipient females, and 17 cryopreserved embryos were transferred to a total of 15 recipients. Three females received double-embryo transfers (embryo number 7 and 8, 12 and 13, and 15 and 17); all others were single-embryo transfers. After Day 30, recipient animals were monitored for pregnancy by transabdominal palpation and ultrasonography of the uterus.
RESULTS
We were able to cannulate the cervix in all transfer attempts. In most transfer attempts, the time for cannulation, embryo ISHIBASHI ET AL. loading, and transfer was 5-10 min. During the procedure, the typical pulse rate was 150-200 bpm, the oxygen saturation was 95%-100%, and the rectal body temperature was 37.08C-38.58C. We did not find evidence of blood after posttransplantation examination of the cannula. No animals showed deteriorating physical conditions related to reproductive organs after the transfer. Our data indicate that the procedure did not appear to affect the cycle length, hormone parameters, or ovulation (data not shown). Most importantly, a high rate of conception indicates that the procedure did not damage the integrity of the reproductive tract or the capacity to conceive. Thus, we have not yet found a practical limit on the use of the procedure.
Newborns were delivered 140-145 days after the recipient's last ovulation. The offspring were morphologically normal, and the body weights were 35.9 6 2.4 grams (average 6 SD) for singletons and 32.0 6 3.0 grams for doubletons. During the same period, newborns from natural conception in our institute were 34.8 6 3.6 grams for singletons (n ¼ 9) and 31.0 6 3.5 grams for doubletons (n ¼ 60). Body weight was not different between the embryo transfer group and the natural conception group for both singleton and doubleton (both were P . 0.5 by t-test). Table 1 shows the results of the embryo transfer.
Using the small volume, we typically observed that echogenic signals remained in the uterus, especially in the fundus-side half after retraction of the cannula (Fig. 1D) . Only when using the large volume did we occasionally observed that echogenic signals flowed backward along the cannula during the injection or when the cannula was withdrawn (Fig. 1E) .
We did not find any effects of embryo stage, vitrificationwarming, cryostorage period, or recipient timing on the conception and birth rates. We found, however, an effect due to the transfer volume. Eleven embryos were transferred to 10 females with a large volume of medium. Five recipients conceived (50%) and delivered three newborns. Similarly, 12 embryos were transferred to 10 females with a small volume of medium. Eight recipients conceived (80%) and delivered nine newborns. A birth rate of 75% (9/12) under the latter condition was significantly higher than 27% (3/11) under the former condition (Fisher exact test, two-tailed, P ¼ 0.0391).
The second effect we found was with the number of embryos transferred at the same time. Seventeen females received single-embryo transfers. Ten females became pregnant, and six babies were born. All three females that received double-embryo transfers became pregnant, and six babies were born. A birth rate of 100% (6/6) by double-embryo transfer was significantly higher than 35% (6/17) by single-embryo transfer (Fisher exact test, two-tailed, P ¼ 0.0137).
DISCUSSION
Throughout the literature and in the present study, higher success rates have been reported when a volume of 1 ll or less was used, e.g., the surgical approach in Summers et al. [2] , and the small volume conditions in the present study had higher success rates than when the volume was 2-3 ll (e.g., the nonsurgical approach in Summers et al. [2] and Marshall et al. [9] and the large volume conditions in the present study). We are the first to observe, using ultrasonography, that echogenic signals flowed backward along the cannula when using large volumes. This observation, combined with the fact that the marmoset endometrial cavity is tight, suggests that the excess volume of medium tends to overflow and carry the embryo out of the uterus. Compared to a transfer volume in macaque monkeys that could approach 50 ll [14] , 2-3 ll for a marmoset might have been considered sufficiently small. As the present results show, however, a 1-ll difference in transfer volume results in a marked difference in the performance, and we conclude that 1 ll or less should be used for marmoset embryo transfer.
When examining pregnancy rates in relation to the number of the embryos, a previous report [2] concluded that there was no evidence to indicate that rates could be improved by The images of C and D are from the transfer of embryo number 16 that resulted in conception and birth. Note the echogenic signal along the uterine endometrium. E) The image after transfer of embryo number 9 that did not result in conception. Note that a great deal of echogenic signal is observed near or in the cervix. Arrows and arrowheads indicate the tip locations of the inner cannula and echogenic signals related to the transfer, respectively. Bars ¼ 2 mm (C-E).
transferring more than one embryo. While the pregnancy rate is not significantly different in the present study, the abortion rate is higher in the single-embryo transfer than in the doubleembryo transfer. As a result, the birth rate was significantly higher in the latter than in the former, although the analysis was applied to a small number of samples and must, therefore, be interpreted cautiously. Ovulation numbers of the common marmoset are two or more [1] [2] [3] , but litter sizes may be reduced during pregnancy [15, 16] , most likely in response to proximate environmental factors. As a consequence, marmosets in captivity can deliver from one to four offspring per litter, with two being the most common. Because single ovulation and singleton pregnancies are not common in nature, the reason for low pregnancy and birth rates in single embryo transfer is presently unknown.
Our results outperform previous reports. By transferring late-stage embryos with small volumes of media, our birth rate was 75%. This score is 50% and 40% in the previously reported surgical transfer of fresh and cryopreserved embryos, respectively [2] . In spite of some conditional differences, the reason for our good performance may, in part, be attributed to the use of sonography. Indeed, we have previously improved marmoset nonsurgical embryo collections with the aid of ultrasonography [13] . One benefit of using ultrasonography is that it enables us to visualize the location of the cannula tip and can thus reduce damage to the endometrium. Because the intactness of the uterine endometrium during the procedure is crucial for embryo transfer, especially at the preimplantation period, ultrasonography is undoubtedly useful not only in embryo collection but also in embryo transfer.
In conclusion, we have successfully established a marmoset embryo transfer method that yields high pregnancy and birth rates even when three unfavorable conditions were used: latestage embryos, cryopreserved embryos, and nonsurgical transfer of embryos. Although these three factors have been shown to adversely affect the performance of embryo transfer, we have shown in this study that these factors can be overcome, and we propose that reducing the transfer volume to 1 ll or less is essential for successful marmoset embryo transfer. These findings, combined with the techniques described in this study, will likely encourage more research groups to enter the field of primate embryology and explore its application, such as the generation of genetically engineered monkeys.
